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TITLE

A CHECK OF THE UCLA CALCULATIONS OF DEFLECTION IN THE CALORIMETER

- This ENGINEERING NOTE presents a summary of .the calculations

- - done to check the UCLA calculations of deflection of various components
of the TPC pole-tip calorimeters. UCLA calculated and measured deflec-
tions of various components under gravitational force, earthquake ac-
celerations and quench forces which arise durina the collapse of the
TPC magnetic field. _

&

THE UCLA Report HEE-1291 by H. K. Ticho provided the basic in-
formation about the calorimeter. In addition information was obtained
from UCLA Physics Department drawing PTC-1175-GN2 which was given to
me by Gene Miner.3 Many of the deflection calculations were done by
the UCLA Mechanical Engineering.Department usina a computer. My calcu-
lations for checking the "order of magnitude" of the def]ect1ons were .
made using equat1ons given in the 5th edition of Roark.? My calcula-
tions are made in SI units. The electrical ca1cu1at1ons are rational-
ized with the permeability of air B = 4w x 10'

The def1ect1on calculations are made for the f0110w1nq cases:
1) Deflection of the posts which support the strona back, lead plates
and the aluminum pressyre plate; 2) Deflection of the strong back .
plate and aluminum pressure plate under aravitational loading (i.e.,

- earthquake forces); and 3) Deflection of the lead laminants under
gravitational loading perpendicular to their faces (i.e., earthquake
loading and z direction loading due to magnetic field collapse).

A11 deflection calculations were made under acceleration of gravity.
Magnetic forces and earthquake loadinag can be expressed in terms of
gravity loading. .

A check of the magnetic force loading during a collapse of the
TPC magnet field was made. A calculation of the field decay of the new
TPC magnet was made and it was compared to the worst-case calculations
made for the old TPC magnet. These worst-case calculations were the
bases for the maqnet1c force calculations made by M. L. Stevenson®
and the UCLA group.! The UCLA force and hence the deflection calcula-
tions are conservative. The rate -of field collapse for the conventional
magnet is estimated. The resulting magnetic forces are compared to the
UCLA calculations. ' '
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After checking the UCLA calculations for force and deflection,
the following conclusions can be drawn. The deflection calculations
appear to be correctly made. The calculations for magnetic force and
deflection appear to be conservative by nearly a factor of two for
the superconducting TPC magnet. -The forces during a collapse of the
conventional magnet field appear to be about 25% of those encountered
during a collapse of the superconducting maanet field.

1. Deflection calculations

The UCLA report measures and/or calculates the deflections of
several elements of the lead argon calorimeters. The calculations
include: a) post deflection, b) deflection of the lead plates under
grav1tat1ona1 loading, c) deflection of the stack of plates in the
direction of the 310 Stainless Steel ‘strongback, and d) deflection of
the stack of plates in the direction of the aluminum pressure plate.
These calculations were checked using equations from the 5th edition
of Roark. The UCLA calculations were made by Professor S. Dong of
the UCLA School of Engineering. Many of these calculations were made
using the computer. '

a) Deflection of the posts:

“The support posts (six of them) extend from the magnet
pole tip some 370mm into the calorimeter. On these posts are hung
the stainless steel strongback, 26 half-washers with 0.090-inch-thick
lead plates, 76 half-washers with 0.045-inch-thick lead plates, and
the 0.5-inch-thick aluminum pressure plates. Using some formulae
given in Roark, a deflection 0.42mm was calculated.(See Appendix A.)
The UCLA calculations and measurements show a deflection of 0.66mm.
The primary difference between the calculations given in this report
and the UCLA calculations is that our calculations do not consider
the fact that the edge of the post loses contact with the support
surface.

b) Deflection of the lead plates

The UCLA calculation of the lead plate deflection was
made using the EASE-2 computer program (See Figures 11a and 1lc of
the UCLA report). The LBL model assumed that the lead plate is a 30-
degree sector clamped at the radial edges. The maximum deflection is
assumed to occur at a radius of 750mm. (This corresponds to the maxi-
mum deflection calculated by the EASE-2 program.) The UCLA calcula-

tions show a deflection of 0.56mm for the 0.045-inch lead plates.

.
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| Our calculations showed a deflection of 0.27mm. The UCLA calcula-

tion of deflection of the 0.090-inch lead plates shows a maximum de-

flection of 0.32mm. Our calculations show adeflection of 0.16mm. (See

Appendix B for the calculations of the lead plate deflection under a

- gravity load.)

c) Deflection of the 310 Stainless Steel strongback

The stainless steel strongback is supported simply along
the inner radius and it is supported simply at the six points around
the outer radius of the plate (the six support posts). The strong-
back supports forces in the Z direction toward the iron pole. The
strongback is not supported at all in the direction away from the
iron pole. The LBL calculations assumed that the strongback plate is
simply supported at the inner and outer edges. The force on the
plate was assumed to be uniform across the plate surface. The UCLA
calculations used the actual support conditions in the EASE-2 com-

 puter code. The LBL calculation of deflection showed a deflection of

0.18mm at the radius between the inner and outer radii of the plates.
The UCLA calculation showed a deflection of 0.25mm (between the posts)

from a point midway between the two radii and the outer radius of the

plate.

d) Deflection of the aluminum pressure plate

The method of calculation of deflection in the aluminum
pressure plate is the same as for the stronaback. The combined force
on the plate surface is the total weiaht of the lead, stainless steel
and the aluminum. The plate is assumed to be simply supported on both
the inner and outer radii (See Appendix C for the method of calcula-
tion). The calculated deflection was 1.%0mm. This is due solely to
the fact that the aluminum plate stiffness factor is one order of mag-
nitude lower than the stiffness factor of the stainless steel plate.
UCLA calculated a deflection of 2.5mm using the EASE-2 computer code.
I aoree that the deflection along the Z axis may be excessive during
an earthquake. (The deflection is excessive only when one considers
the impairment of clearance with the TPC amplifiers.) QOne could re-
duce the deflection of the pressure plate by a factor of three by re-
placing the aluminum pressure plate with a 310 Stainless Steel plate
of the same thickness. : ‘

e) Deflection of the whole structure under earthquake
loading

When one calculates earthquake deflections one assumes a

o
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maxirmum acceleration of 1a (9.8 ms-2) in any direction. Deflection
in the radial direction is dominated by the deflection of the six
stainless steel posts. Therefore it is correct to assume that maxi-
mum deflection in this direction is of the order of the 0.66mm calcu-
lated by UCLA. Z direction deflection depends on the direction of
the acceleration. If it is toward the pole, the deflection of the
strongback controls. The Z deflection toward the pole is 0.25mm.

) If the acceleration is away from the pole the 2.5mm deflection of the
aluminum pressure plate dominates. The laminations themselves should
not deflect more than 0.56mm calculated for the plates with 0.045 1in.
of lead on them. v '

T2 Forces and deflections during’a magnet quench '

- The UCLA calculations of magnetic forces during a auench are
based on a PHYSICS NOTE by L. Stevenson.® In this physics note, the
effect of field collapse in the coil and field collapse in the iron
are considered. In simple terms, the collapsing coil field provides
the d¢/dt to aenerate azimuthal currents in the support plates and
lead half disks. The flux decay in the iron is much slower (about
10* sec according to Klaus Halbach ).6 Maanetic flux lines coming
from the iron are the source of radial and lonaitudinal fields which
interact with the azimuthal currents to produce longitudinal and
radial force components in the stronaback, lead half disks and the
aluminum pressure plates. The radial forces act radially outward;
the longitudinal forces act in a direction toward the iron pole.

The calculations of TPC magnet field collapse time constant
in the UCLA note came from an ENGINEERING NOTE I wrote in 1978.7 This
note presents a worst calse calculation field decay in the old TPC
magnet. Field decay data for the new magnet will be presented in a
latter section of this report along with the calculated field decay
time constant for the conventional TPC magnét. The calculated maxi-
mum field collapse time constant for the new TPC magnet is 5.4 sec
as compared to a "worst case" field collapse time constant of 3 sec
used in the UCLA force calculations. The conventional magnet field
decay time constant is about 1.4 seconds.

The M. L. Stevensond and UCLA analysis! of the magnetic force
problem separates the magnetic induction and vector potential into two
components. The first component is generated by the coil package
(designated by a subscript zero); the second component is generated
by eddy currents in the iron which refuse to allow the magnetic flux

o
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in the iron to die. In vector terms the magnetic induction and vec-

tor potential are:

B = B e T 4 B, (1.- e o) e -t/ -1-
and
A=A e o 4 op (1-e o) -t -2-

5
£

‘where B and Ao ‘are generated by the coil package and B, and

A, are oenerated by the iron.. The inductions B and B; have only
radial and longitudinal terms (Bo /is predominantly Tongitudinal ex-
cept very close to the.po]e) The vector potentials Ag and A,

are on]y azimuthal. 14 1is the coil decay time constant (1 = 3 sec-
onds in the UCLA Note); and T, is the iron decay time constant (T,

is from 10° to 10* seconds denend1nq on how one Tooks at it. 6 It.is
assumed that T; >> T19.

The magnetic force vector

3
-

- N = )
F = JxB = ExB =

QAL

x B -3?

O|—

1

o
Y > . ' -

ﬁhere F 1is magnetic force; J is current density; B i§ induction;

E is electric field; p is electrical resistivity; and A 1is vector
votential. If one sets

-t/T

No = € 0, m = e  -4a-
A = A - Ay, and B = B, - B -4b-

Then one finds that when n; =~ 1
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The equatioﬁ above has two terms. The first peaks at n_=0.5

~and the other peaks at n =1. 1In order to get a worst case calcila-

tion, UCLA assumed that tRBe force was the sum of the two terms at
their highest values. Thus, the r and z components of the force
can be given as follows: : . '

. L SR 1 e
Fr max - pT, [Boz Sh + 7 88, GA] 5
and _
F =1 [ s+ ) s sn . -5b-
z max PT, or 4 r : '

The r-component of the force will apply hoop stresses to the strong-
back and pressure plates which can be ignored because the plates have
a large radial extent. The r-component can be ignored on the lead
half disks as well because they alternate azimuthally on the support
posts. Only the z-component of force is of interest in the calcula-
tion of deflection. '

Investigation of equation 5b yie]dé the following obserVation&

The maximum force (hence deflection) is inversely proportional to the
peak decay time constant and material resistivity. The peak force is
directly proportional to the starting induction squared. (Bors 6A
and 6By are directly proportional to the magnet starting central
induction.) While the conventional maanet has a shorter decay time
constant than the superconducting maanet, the magnetic forces are
}owe; because the starting central induction is 0.4 Tesla instead of
.5 Tesla.

- I am convinced that the UCLA calculations of magnetic deflec-
tion are indeed conservative. The value of t. is the lowest "worst
case" value based upon the bore tube time cons%ant. Equation 5b

<+

-
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- (o] [o M _o_ N ) _E_

.F = ——3;;———- 8B x SA + or_ Bo X SA . . =5
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assumes. that the peak force maximum occurs at the same point in time.
In addition, a quench is a variable time constant phenomena with the
shorter time constants occurring at lower fields. The basic assump-
t1ons of the ca]cu]at1on will a]ways tend to a conservative "worst
case" value.

3. The rate of flux change of the central field of the conven-
tional and the new superconducting TPC maqnet

In both the convent1ona] and superconduct1na TPC maanets,
the time constant for current decay is the longer time constant
which comes from a set of coupled equations. The conventional magnet
has two time constants (t; the coil time constant and 1, the windina-
mandral time constant) which make up the time constant for the col-
lapse of the field 1. The superconducting.coil has an additicnal
time constant (t; the time constant for the pure copper circuit
which comes into play. In both the conventional .and superconducting
magnets, the coupling between elements is reasonably good (say better
than 90 per cent). As a result T, 1S the so-called Tonger time con-
stant. -

a) the conventional magnet

For the conventional magnet, the value of fo..is:

+ ' ' :
TO ~ T '.1'2 ) -6-
where
e = L1 . L
o R, and © Ta Ry

where L, 1is the self inductance of the coil; L, is the self induc-
tance of the winding mandrel; R; 1is the resistance of the coil; and
R, is the resistance of the w1nd1na mandrel. In the conventional
magnet, the following values apply: L, = 0.321H, L, = 1.32 x 10-°H,
Ry = 0.230, and R, = 2.19 x 10-°@,. The values of the time constants
are 1, = 1.43s, 1, = 0.61ls, and T, = 2.04s. (Note: T, is the
time constant for magnetic field decay, not current decay. The cur-
rent will drop sharply at first with a much shorter time constant.
When the current reaches sixty per cent of its starting value it de-
cays exponentially with a time constant To ) The measured 1, is
around 1.4s for the conventional maanet : :

RL-3220-2a( Rev.8/71)
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‘rapidly as the quench propagates.

b)  the superconducting coil -

The Superconducting coil has no set values of Tl,irzrand Ts.
The time constants are much longer at the start of a quench when both -

temperature and resistance are low. The resistance of the coil grows
Before the coil -stored eneray has
begun to dissipate, the whole coil has become normal throuch quench-
back (this is true when the TPC maanet is at full desian current).

The average temperature of the coil package is 50K or below. At low
temperature the longer time constant 1| is. lomger than it is at high
temperatures. In order to use an equation like 5b, one must have an
effective time constant Te. The minimum value of 1, is T, in
equation 5b. The following expression can be used to estimate Ttga:

o Eo’-fED 1/2
Te = TL -7-
. Eo
where
TL'-' T1V+ To + T4
and
. L1 L2 L3
Tl'ﬁ,Tz-’R-;s‘Q:E

and L, is the coil self inductance; L, . is the bore tube self in-

dugtance, L3 is pure copper curcuit self inductance; R, is the
coil resistance; Rs; 1is the copper circuit resistance. (Note: L,
Lo and L, are independent of temperature but R; , R, and R, are

very much dependent on temperature.) E, is the starting stored energy
of the magnet. Ep is the energy dissipated in resistive heating in
the three circuits.

One can estimate T, and Ep as a function of temperature
if one knows how material rbsistivity and enthalpy vary with tempera-
ture. Use the copper and aluminum tables in References 9, 10 and 11.
The superconductor is about 64 per cent RRR = 140 copper. The copper
circuit itself is assumed to be RRR = 200 copper. The aluminum bore
tube is made from 1100-0 aluminum RRR = 25. The results of the time
constant calculations are given in TABLE 1 (Note: magnetoresistance -
was included in these calculations). The major assumption made in
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calculating T, was that the temperature is the same in the cooper,
superconductor and bore tube as the guench proceeds. (I don't believe
this results. in serious error.)

TABLE 1. Various superconduct1nq TPC magnet time constants as
a function of temperature . : C
Ave;age . time constants (s)* (ko'ED>%**' Te
(K) T | T2 Ts ul Ey (s)
10 7.8 5.4 12.4 25.3 1.000 | 25.3
30 5.4 4.9 8.4 18.7 0.987 | 18.9
40 2.9 4.2 4.5 11.5 0.960 | 12.90
50 1.7 2.9 2.7 7.3 10.900 8.0
60 0.93 | 2.43 1.45 4.81 || 0.800 6.00
65 0.71 2.16 1.11 | 3.98 0.720 5.54
70 0.57 - 1.94 0.89 13.40 0.631 5.39%
75 0.48 1.62 0.75 2.85 0.527 5.41
80 0.39 1.42 0.60 2.41 0.348 6.91

* See Reference 10 for the resistivity data needed to calculate the
resistance of the various circuits

** Based on the energy being distributed so that all e]ements have
the same temperature

#  The minimum value of Tt uses this value for T, in equation
5b. (Note: a minimum value of To = 5.39 seconds results in a
smaller magnetic force and deflection than the T, = 3 seconds
assumed in the UCLA study.)
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_ APPENDIX A |
Calculation of the Deflection of the Posts

-t

The six support posts extend from the pole tip 0.37m. = These

- posts are assumed to be made from 310 Stainless Steel which has a mod-
ulus of 2.1 x 10''nm™!. The posts have an outside diameter of 50.8mm

and an inside diameter of 30.8mm. Using

I = _é%‘(015 - Dy*) - : -Al1-

where D, = 5.08 x10°?m <and D, = 3.08 x 1072m one gets an
EI product (E 1is the modulus of the post) of EI = 5.937 x 10"Nm2.

In order to calculate the deflection, one must look at how the:

forces are applied to the post. Figure Alshows the weight of the
strongback as W,, the weight of the pressure plate as W,, the weight
of the thick lead plates as a distributed load W3, and the weight of

the thin lead plates as a distributed load W,. The deflection, which -

is maximum at the point where W, 1is applied, is simply the sum of
the deflections due to each of the forces. The end of the post where
W, is applied is fixed so no rotation can occur. (This does not quite
occur in real life.) : .

Wy | Wa N
A A 4 h B b y v ¢Jr h 4 V.v‘l‘v g ill 1Jf §
Y T\
N
‘: N
- Xa N
X3 — -
X\ >
L —y
X,z 0.36 _
L m W, =601 N
?.' 0:0| m, N .
X_->=0.15m . ' _ Wa = ‘4-? \
wy = 9231 Nm-!

e

“

FIGURE A1. Force Diagram for the Calorimeter Support Posts

enaan 9./ n._. /=)




LAWRENCE BERKELEY LABORATORY '« UNIVERSITY OF CALIFORNIA, =~ |[COOE : SERIAL PAGE

ENGINEERING NOTE  [ruw0 | wers |12 18

HOR DEPARTMENT LOCATION DATE

M. A. Green - MECHANICAL ENGINEERING Berkeley 15 March 1982

- |
The deflection at the free end due to force W, can be calcu-
lated using the following equation {see Figure Al): :

vio= g (20 - 3Tk o+ o) e

Roark 5th Ed (1975)
Table 3-Ta. . p 96

Using this equation, one gets:

yi = -1.856 x 107m

The deflection due to force W, can be calculated with the equation
above except a subscript , is substituted for subscript ;. Using
equation A2 one gets the fo]]ow1ng value for def]ect1on at the free
end due to force W,:

¥, = -4.181 x 1075m
Tﬁe deflection at the free end due to the distributed load

W3 can be calculated using the following equation form:

Wy
Ys = 77E1

(2 - x3)3 (32 + a) | -A3-

Roark 5th Ed (1975)
Table 3-2a p 98

From equation A3 one gets a calculated def]ect1on due to the dis-
tributed Toad W which is as follows:

Cys = 2.873 x 10"°m

-

The deflection at the free end due to the distributed load

W, can be calculated using the following equatiom form:
Wy 2 W s .
v = gre t ger (0= Xxs) (32 +x3) - -M-

R .8220-.2al Rav.8/71)
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From equat1on A4 one gets a calculated def\ect1on due to the d1str1buted
load W, which is as follows:

Yy = =3.490 x 10 *m
The total free end deflection calculated is

Yi +t y2 + y3 + y, -A5-

<
[

max

When one solves equation A5 to get the maximum deflection

= : 10-4
- Ypax 4.214 x 10 m

one can compare the results from eq. A5 with-a calculation based on uni-
form loading of the post: -

We"
Ymax SET

-A6-

Using W =1.063 x 10-Nm !, one finds that the maximum deflection
under uniform loading from equation A6

= =4
Ymax 4,195 x 10~ *m

which is very close to that calculated by eq. AS5.

It should be noted that the UCLA calculations considered the
fact that the post loses contact with the pole plate. (The fixed
boundary cond1t1on of the wall is not valid.) The UCLA deflection
of 6.6 x 10-“m s higher than ymax calculated here as a result.
The UCLA paper didn't say what material the post was made of. I
assumed it was 310 Stainless Steel (the same as the strongback back
plate). If the post were made from 304 Stainless Steel (a likely
possibility) the deflection would be 14 per cent more. I am satis-
that the UCLA calculations for post deflections are correct. UCLA
has experimental data to back up their calculations.

mt 2000 _ 9.l Daa B/Y 1)
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FIGURE B1.

APPENDIX B-y

- Deflection of the Lead Plates

Force Diaaram for an infinite sector of a circle with a
uniform force on it and fixed boundaries at the ednes
~of the sector

4

$ived.
boUNdRY_

Calculation of the deflection of the lead plates under gravity
loading was done using the assumption of a solid circular sector of in-
finite radius with a uniformly distributed load g over the entire
surface. The straight edges are assumed to be fixed (see Figure B1).
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Maximum deflection will occur along the center line at ¢=0.
The radius r corresponds to the point of projected maximum deflec-
tion. This point of maximum deflectiom is estimated to lie two
thirds of the way out on the lead disks at R = 0.723m (the UCLA
calculations put the point of maximum deflection at R = 0.744m).
The equation which calculates the deflection at $=0 1is as follows:

-_ gRr* (1 - cos 0)27] c a1
Y = 32 _[1+2cose | Bl
- Roark, 5th Ed (1975)
Table 24-29 p 371
where -
o Et? ' o e

and 6 1is less than 600, E is elastic modulus; t is the plate
thickness; and v is Poisson's ratio. R 1is the radius of the
point of projected maximum deflection; © 1is the angle between the
lines of the sector which are fixed; and q is the pressure force
per unit area on the sector. ,

For the calculation given for 1g Tloading of the lead
plates 6 = 300 and R = 0.723m.  TABLE Bl shows the calculated
values of D, g and y for both the 45 mil-lead~laminants and
the 90 mil lead laminants. : :

TABLE Bl  Force per unit area, D modulus and deflec-
tion for the lead sheets under gravity loading

0.045-inch laminant | 0.090-inch laminant

D (Nm)* 317.7 1007.5
q (Nm-2) 1491 - 2801

y-(m) 2.65 x 10-* 1.56 x 10~

-

as given by the UCLA report

RAL- 3220-2a( Rev.8/71)
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The deflections calculated using eq. Bl are roughly half of
what was calculated by UCLA. The point of maximum deflection for the
UCLA case was 0.744m, not 0.723m. The fixed constrained boundary con-
ditions assumed by Roark are not totally indicative of real life. The
actual boundary condition lies some where between fixed and free. ' In
the UCLA calculation along line XX in Figure 11a the deflection maxi-
mum occurs at R = 0.745m. If this deflection.is added to the LBL
calculated deflection value, the deflection given along the YY line
is almost achieved. This is the least satisfactory part of the de-
flection calculation. 1 feel that the UCLA calculation under gravi-
tational load is realistic. ' :

BT _Qa069n_o./ n.- a/v1\
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‘ _ - " APPENDIX C -
Deflection of the Pressure Plate and Strongback

The 310 Stainless Steel strongback and the 6061 Aluminum pres-
sure plate can be treated as a disk with a hole in it. The boundary
‘conditions at the edge of the disk approximate a simply supported edge
on both the inner and outer edges of the disk. See Figure Cl1. The
disk has an inner radius b = 0.287m; the outer radius a = 0.940m.

The loadlng on the d1sk due to the gravitational 1oad1nq of the lead
plates is 10813 Nm-2

uNtfor™M
loo.dl Q
g
?IGURE C1. Uniform Loading of Disk simply supported on the outer edge

and the edge of the central hole

The Toaded disk deflection problem is one of the standard prob-
lems found in Roark. The equation for maximum deflection of a uniformly
loaded circular plate with a hole in it which is simply supported at
both the inner and outer edges is given as follows:

qa* ’ :
Y = X 7p
A : Roark 5th Ed (1975)
Table 24-2¢ p 339

@
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and v Poisson's ratio is 0.3. E is the elastic modulus; t is the
plate thickness; a. is the outer radius of .the:disk; b 1is the inner .
radius of the disk (see Fig. C1) and «y is..a.coefficient which is a

JAUTHOR DEPARTMENT LOCATION DATE
. M. A. Green: ) MECHANILCAL ENGINEERING Berkeley 15 March_1982
f..,
" where T
3
D = _i____
12(1 - v?)

function of b/a. For b/a = 0.305, Ky = 0.0029. TABLE C1 shows -

the values of E, t, D and the deflection calculated for the two
types of plates. i :

TABLE C1. The modulus, plate thickness, D, ky and the
deflection under gravity loading for the strong-
back and pressure plates ' ~

strongback pressure.
: _ plate _ plate
property 310 St Steel - .606T1T Aluminum
CE (Nm?) 2.10 x 101! 0.69 x 10!
t (m) 1.91 x 10-2 1.27 x 10-2
D (Nm) 1.34 x 10° - 1.29 x 10"
b/a | ©0.305 . 0.305
Ky 0.0029 - 0.0029
y. (m) - 1.83 x 107" ~1.90 x 10-3

: The calculatioms of deflection using the disk which is simply
supported at both edges yields a lower deflection than the UCLA calcu-
lation using the EASE-2 computer code. The simply supported boundary”
condition on the outer edge of the disk is not quite accurate. The outer
edge of both plates is simply supported at only the six points where
the plates are attached to the posts. It is reasonable to expect the
disk between the support points to deflect an additional 30 per cent.
The UCLA calculations of deflection under gravity loading appear to be
correct. -

MAG/am
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